The development of new electro-optical instrumentation for reactor safety studies is described. The system measures the thickness of the water film and droplet size and velocity distributions which would be encountered in the annular two-phase flow in a reactor cooling system. The water film thickness is measured by a specially designed capacttance system with a short time constant. Water droplet stze and velocity are measured by a subsystem consisting of a continuously pulsed laser light source, a vidicon camera, a vtdeo recorder, and an automatic image analyzer. An endoscope system attached to the video camera is used to image the droplets. Each frame is strobed with two accurately spaced UV light pulses, from two sequentially fired nitrogen lasers. The images are stored in the video disk recorder. The modified automatic image analyzer is programmed to digitize the droplet size and velocity distributions, Many special optical, mechanical and electronic system components were designed and fabricated. They are described in detail, together with calibration charts and experimental results.
Introduction
The assessment of the safety of nuclear reactors is partially based on the applicatton of complex computer thermal-hydraulic codes describing cooling behavior and heat transfer under various operating conditions. A quantitative knowledge of transient twophase flow is important for the development of analytical predictive techniques for this safety assessment. In such flow, theoretical prediction of the flow parameters is not generally possible because the interaction between the phases is too complex. Consequently, it is particularly important to be able to perform realistic laboratory experiments which give accurate measurements of the flow parameters.
Annular two-phase flow is predicted to occur often in event of a light water reactor accident and in the shell of most pressurized water reactor steam generators during normal operation. The computer codes relating to the operation of these reactor facilities must make use of accurate experil mental data to ensure adequate modeling. To obtain the required experimental data for reactor safety, it was necessary to develop an instrumentation system for observing and characteri zing internal steam and liquid flow conditions, The system permits the observation of the configuration of the two-phase flow, the measurement of the size, velocity and distribution of water droplets, the thickness of the liquid film and entrainment thresholds. Also, to provide the adequate evaluation and calibratton of this measuring system, it has been necessary to develop h new test apparatus which will permit the generation of either a co-current or counter-current annular water film flow with a flowing gas phase. Therefore, the objective of this program has been to develop an electro-optical instrumentation system suitable for the characterization of such a multiphase flow in an annular flow regtme. The development of necessary additional test apparatus will be the object of future efforts.
Some measurements of the two-phase flow parameters at various pressures and temperatures have been reported in the literature (1-7), but the described measuring systems generally have very limited value for generating the type of experimental data needed for the safety assessments mentioned above. A detailed critical review and evaluation of the applicability of the various measurement techniques are given in Ref. 8 . As outlined in this reference, the state-of-the-art twophase instrumentation does not have the capability of providing the detail and accuracy needed for nuclear safety assessment. The improvement of existing measuring systems and the development of new ones are therefore highly necessary if present and planned flow test programs are to yield results which will make possible analytical predictive techniques.
Over the past several years, attempts have been made to use light fluorescence (9) and scattering methods (10) , laser Doppler anemometry (11) (12) , laser Raman scattering (13) and axial view photographic techniques (14) for two-phase flow analysis. Comprehensive reviews of these methods are to be found in Refs. [15] [16] [17] . Most of the scattering and Doppler based methods run into difficulty when applied to contained two-phase flow systems because of the flow complexity.
The main difficulty with high-speed film camera systems is long turn-around time between the actual experiment and the availability of the processed photographic record. As a consequence, real time or close to real time observations are not possible. Moreover, until the photographic record is seen, one cannot evaluate the adequacy of its quality. To our best knowledge, no electro-optical measuring system has been described with capabiliti,es of measuring flow parameters over a wide dynamic range in real time or close to real time. and the horizontal and vertical diameters Cas defined by the horizontal and vertical tangents at extreme points). In addition, the x and y coordinates of the center of each feature are computed. The next step in the analysis is to determine if the measured features actually correspond to acceptable droplet formations. The criterta by which measured features are determined to correspond to acceptable droplet formations are the following: Minimum Area -any feature whose area is less than this value is rejected. Maximum Area -any feature whose area is greater than this value is rejected by the software. Aspect Ratio -any feature whose ratio of XSIZE to YSIZE is outside a specified range about unity is excluded. Circularity -features are excluded whose areas do not correspond to the formula for the area of a circle. The ratio evaluated is:
If R differs from unity by more than a specified amount, the feature is excluded. All areas and lengths measured by the program are in picture element units, or "pixels". Physical dimensions in real space are a function of the imaging optics. Calibration factors can be easily obtained, however, by recording and analyzing a calibration pattern of known dimensions. The above-mentioned feature selection criteria are controlled by the experimenter at the time of analysis by entering appropriate values on the computer keyboard.
After all the acceptable droplet formation features have been measured, they are dtvided into pairs in order to determine velocity. After a "pair" is identified as resulting from the double exposure of a single droplet, the degree of separation between the two pair members is calculated. The veloc-ity can be determined from the known time between the laser firings.
The pair selection process can be divided into two parts. In the first part, pair candidates are excluded from consideration if the following cut-off criteria are exceeded: Patr Area Ratio -if the ratio of the areas of the two candidate members differs from unity by more than a certain amount, the pair is excluded. Pair Size Ratio -if the ratios of XSIZE or YSIZE for the candidate differs from unity by more than a certain amount, the pair is excluded. DX/DY Ratio Cut-off -any pair candidate is eliminated for which the displacement in the X dimension divided by the displacement in the Y dimension exceeds a given value. This ratio is the tangent of the angle of the droplets' trajectory with respect to the vertical. A small value would assume that most of the droplets were moving in a vertical direction. Finally, droplets whose Y separation exceeds half of the screen height are excluded, Once obvious non-candidates are elimi:nated from consideration by the above-mentioned criteria selected by the operator, the remaining pair candidates are assigned probabilities based on their dimensional similarity. The probability function chosen is the reciprocal of the sum of the AREA, the XSIZE and YSIZE ratios. The computer then pairs up the features in a manner which maximizes this probability.
After selection of the features and pairs for a given image, the computer organizes them into a list which is stored on a floppy disk file named DATAFIL.TX by the program. The list's format is:
AREAl Xl Yl XSIZE1 YSIZE1 AREA2 X2 Y2 XSIZE2 YSIZE2 TRACK The first 5 elements of the list represent the area, center and diameters of the first member of the pair, while the next 5 elements represent the same information for the second member of the pair. The last element indicates the track number of the recorded image. After analysis completion of an image the computer advances the video recorder to the next frame, and the analysts process is repeated.
When a sufficient number of frames has been analyzed and added to the data file, a separate program called FHIST is used to produce statistical summaries.
According to the operator's input, statistical distributions can be obtained for the Y separation of the pairs (velocity distribution), for diameter distribution or for the area distribution.
Data file management is provided by a program called DLOG, Each ttme the main feature analysis program OVBRK is operated, the results are logged in the DATAFIL.TX file, thereby destroying the previous contents of that file. DLOG enables the data file to be preserved by renaming or appending it to another file.
DROPLET SIZE AND VELOCITY DISTRIBUTION ANALYSIS

Resolution of the Lens System
The accuracy and resolution of the droplet image analysis depend greatly on the quality of the lens system, An approximate expression for the angular radius e of a blurred spot for the given endoscope lens is (33, 34) 
The size of the spot is the product of the image distance and tan e. D is the inner diameter of the endoscope tube (2.4 mm) and f = 15 mm is the focal length of the lens; x = 337.1 nm is the laser wavelength; K(n) is a function of the refractive index n and the lens shape. For the plano-convex lens used, n -1.478 at 337.1 nm and K(n) = (n2 2n + 2/n)/32(n _ 1)2 (3) From (11, If a still picture is projected continuously onto the target, the charge at any given spot will reach an equilibrium value determrined by the combined effects of illumination and read-out and will produce a constant video signal. If, on the other hand, the image is produced by a single, short-light pulse, the illumination process will occur only once, but the read-out process will continue. The result will be a series of video fields of decreasing amplitude as the read-out scans restore the charge removed by the illumination flash (Fig. 3) .
WIere the source of light continuous the signal would be identical for both fields. The Bausch & Lomb Co. Image Analyzer utilizes both fields in normal image processing. It had to be modified to use only one field in the present, pulsed-light appl ication, This, of course, results in a reduction by one half in the vertical resolution of the image analysis.
Several readout frames are required before the video signal is reduced to the level of the "dark current", i.e. to the signal generated without any external light entering the vidicon. The dark current can be compensated for by appropriate use of the "shading corrector" provided in the Bausch & Lomb Co.
Image Analyzer.
Image Contrast Considerations
In order that the image analyzer produce accurate results, it is essential that optical images of good contrast be obtained between the dark circular outline of the water droplets and the white background surrounding them. The two major factors affecting this contrast are the uniformity of image field illumination and the photoelectric characteristics of the camera tube.
Typically, signal output characteristics for most types of camera tubes as a function of light intensity are quite non-linear. At low illumination levels the transfer curve is terminated by the camera "noise" which defines the minimum detectable light intensity.
At high light levels the camera output saturates, defining an upper limit for the range of detectable illumination. Thus, it is between these two levels of light intensity that the features must be detected.
In obtaining the picture of water droplets moving down the test tube shown in Fig. , the laser light pulses were diffused by a ground glass screen in order to secure uni'form illuminati on. The droplets scatter the light so that their image appears black. A droplet in focus has a bright spot in its center owing to the direct passage of light through its center (Fig. 4) .
The out-of-focus droplets in the background attenuate the light so that each frame has a different (and nonuniform) "white" level. The non-uniformity of this background illumination is a major contributor to the reduction of image contrast.
In order to measure the vel'ocity distribution of the water droplets, each frame its twice illuminated by firing two laser pulses accurately separated in time. The light pulse width is only 10 ns, which results in virtually "frozen" double images of the droplets at each shot (Fig. 5) After proper adjustment of the discri'mi'nation threshold control on the image analyzer, the images to be analyzed are shown on the video monitor as "fill-in" areas (Fig. 6) . The contrast of the first pair on the left was insufficient and caused the disappearance of some upper features. The print-out of the analysis (Fig. 7) shows that 8 features, F1 to F8, met the size and circularity criteria.
The analyzer correctly selected 3 droplet pairs out of 8 available features. Fig. 7 showis the vertical separation between the centers (AYm Ym Yn) and the y-axi's droplet velocities calculated from vv = kAym/AT. The calibration factor, k. was found to be .634, For the time-delay of AT = 20 ps, the velociti-es of the three droplets were calculated to be 45.5, 47.4 and 33.7 m/s.
Droplet Size and Velocity Distribution Measurement
Both sides of a video disk were filled with double-exposed frames similar to the one shown in Fig. 5 . The image analyzer was operated in a semiautomatic mode, thus giving the experimenter an opportunity to inspect each frame before the analysis and so enabling better interpretation of the results. From the data print-out the two histograms shown in Fig. 12 giving the droplet size and velocity distribution were compiled.
LIQUID PHASE THICKNESS MEASUREMENT Capacitance Gauge
The technique of water film thickness measurement by the capacitance method was described previously (18) . A new capacitance gauge was developed, thereby proving the feasibility of dynamic measurements of the film thickness. Two types of electrodes are described: "point" electrodes, which measure the changes in the film thickness over a small area inside the test tube, and "ring" electrodes, which measure the average thickness of the water passing the test area.
Practical considerations require that there be unobstructed access to the two-phase flow test tube. The electrodes should be compact and suitable for use together with the video camera. Moreover, precise alignment of the electrode faces with the test tube surface is required to permit an unperturbed flow over the test area.
A new capacitance gauge was designed to include these features (Fig. 13) . The electrodes are made of conductive epoxy resin injected into two pairs of grooves cut on the tube's inner wall. Each electrode has a terminal embedded in it for the purpose of connection to a capacitance meter.
In addition, two identical pairs of small rectangular "point" electrodes were constructed using the same technique. These pairs are located at the mid point of the test tube, in mutual opposi'tion, and at 90°to the axis of the pair of windows for the endoscope and laser illuminator. Their small dimensions reflect local changes in film thickness, The separation of the point electrodes of 1 mm is intended for the measurement of film thickness to 1.5 mm. The four pairs of non-intrusive electrodes give the experimenter the possibility of studying the film flow both above and below the endoscope point as well as at the same level at which the droplets are observed. Access to the test tube is unimpeded since relatively long cables can be used between the electrodes and the capacitance meters.
Caltbration of the Capacitance' Gauge
Electrodes permanently embedded in the circular test tube section can be directly calibrated with the help of a specially-made teflon plug. The plug can be moved like a piston along the inside of the tube. A 0.5"' length of the piston fits snugly into the wall and leaves no gap when aligned against the electrode pair to be calibrated. The plug is tapered in a lathe to provide 25 discrete steps of 0.25" length each. In the first 10 steps the gap between the plug and tube wall is successively increased by 0.1 mm. In the next 5 steps, the gap is increased by 0.2 mm each and in the last 10 steps by 0.4 mm.
As the plug, step by step, is withdrawn, it leaves a precisely circular gap of known thickness. The capacitance between the electrodes is measured at each step, with the gaps filled first by air and then with water, Low-conductivity water was used in this measurement. The thickness of the water layer over each set of electrodes as a function of measured capacitance is shown in Fig. 14 Although the meters are accurate even for quite lossy capacitors, the high conductivity of the water, especially above room temperature, must be taken into account. This problem is alleviated by adding a fixed, good quality capacitor, C , in parallel with the measured one. The "loss gngle" of the composite capacitor thus becomes smaller; tan6 l/w(C + Cs + Cp)R (6) where w = 271Tf (f = 1 MHz), C is the measured capacitance and Cs the stray capacitance of the connecting cables. Cs and C are constant through the measurement and are subtracted as the measurement proceeds step by step,
The change of capacitance as a function of flow rate was measured. One capacitance meter was connected to a pair of ring electrodes, and the other capacitance meter to a pair of point electrodes so that the data could be simultaneously taken. In addition, the curve r(d) was plotted by using the capacitance gauge calibration curves C1 and CO shown in Fig. 5-7 In particular, the spatial linearity and accuracy of the droplet images analysis was found to be remarkably good. As shown in Fig. 11 , the scatter in measurement points (for a precisely generated test pattern) indicates a linear precision of a fraction of a percent (of full scale) in the horizontal direction, with a somewhat larger uncertainty in the vertical. This difference in measurement accuracy is due to the requirement (resulting from the use of flash illumination) that only one field of the TV scan format could be used in analysis. Because the droplet motion in these experiments is predominantly vertical, it would be advantageous to rotate the camera 90°, thereby placing it on its side, in order to exploit the i'ncreased resolution avai llable,
The processing speed of the image analyzer is somewhat slower than anticipated, especially for a large number of features per frame. Wlth the present software, processing and storage of analysis results from a typical video frame requires approximately 10 seconds. Streamlining and other improvements in the software, it is believed, would substantially reduce image processing time.
Images with good contrast are essential for analysis, especially in the fully automatic mode of operation. The key factors are the video camera characteristics, image field illumination and video signal processing. It 
